Introduction: This study aims to evaluate the use of transvaginal ultrasound in predicting superficial endometriosis near the uterosacral ligaments, in women with symptoms of endometriosis. Methods: This was a prospective observational pilot study in which women with symptoms of endometriosis underwent detailed pre-operative transvaginal ultrasound to assess the uterosacral ligament area for thickening ('white line sign'), tenderness and small hypoechoic nodules. Women with deep infiltrating endometriosis were excluded. The test characteristics of transvaginal ultrasound were reported using histologically or visually proven endometriosis near the ipsilateral uterosacral ligament as a reference standard. Results: In 81 patients who underwent pre-operative transvaginal ultrasound and laparoscopy, no marker had appropriate test characteristics for a diagnostic or screening test for endometriosis near the ipsilateral uterosacral ligament when used alone. The presence of a small hypoechoic nodule on the white line had the highest specificity of the three markers, at 82% (95% confidence interval 66%-92%). Quantitative measurement of the white line also achieved a high specificity of ≥96% using a cut-off of 5.8 and 6.1 mm, on the left and right sides, respectively. Conclusion: Transvaginal ultrasound of the uterosacral ligament area using the three proposed markers is not a clinically useful screening test for superficial endometriosis near the uterosacral ligaments. A grossly thickened white line (≥5.8 mm) and/or the presence of small hypoechoic nodules are highly specific findings for superficial endometriosis near the uterosacral ligaments and may prompt surgical management.
Introduction
Endometriosis is one of the most common and challenging disorders in the reproductive age group, affecting 10%-15% of women 1,2 and causing major morbidity and compromised quality of life. 3 Laparoscopic diagnosis is the current gold standard; 4 however, due to its invasive nature, diagnosis is often delayed for 5-10 years. [5] [6] [7] As such, a non-invasive diagnostic technique is highly sought after, to better select patients who will benefit from laparoscopy. 8 The uterosacral ligament (USL) is commonly involved early in the disease process, 9 and a recent meta-analysis compared the ability of transvaginal ultrasound (TVUS), transrectal ultrasound (TRUS) and magnetic resonance imaging (MRI) to detect deep infiltrating endometriosis (DIE; defined as subperitoneal endometriotic infiltration of tissues of ≥5 mm) of the USL. 10 Of these modalities, suspected DIE nodules of the USL 11 at TVUS had the best test characteristics for a triage test, with a sensitivity of 0.64 (95% confidence interval (CI) 0.50-0.79) and specificity of 0.97 (95% CI 0.93-1.00). 10 Another meta-analysis has supported these findings, with a high specificity for TVUS in the detection of DIE of the USLs. 12 However, a substantial burden of disease results from the more common superficial form of endometriosis (defined as subperitoneal infiltration of <5 mm), which is more difficult to detect. 2, 13, 14 Appreciation of superficial endometriosis of the USLs would be a clinically useful tool to improve early diagnosis and, infact, a future research priority of the World Endometriosis Society/ World Endometriosis Research Foundation (WES/WERF) consortium is continuing development of accurate noninvasive methods to diagnose endometriosis. 15 Previous authors have hypothesized that superficial endometriosis is associated with site-specific tenderness on TVUS, 16 thickening of the USLs [17] [18] [19] [20] and small hypoechoic nodules on the USL; 11, 17, 18 however, the test characteristics for these indices have not been published.
The aim of this study was to evaluate the test characteristics of TVUS in identifying superficial endometriosis near the USLs by assessing for thickening of the hyperechoic layer in the region of the USL ('white line sign'), site-specific tenderness and small hypoechoic nodules on the white line. The secondary aim was to determine whether there is an optimal cut-off measurement of the white line for prediction of superficial endometriosis near the USLs.
Methods
This was a prospective pilot study for diagnostic test accuracy, undertaken at Monash Health and Camberwell Ultrasound for Women between March 2013 and April 2014. Ethics approval was obtained from the Monash Health Human Research Ethics Committee, Melbourne, Australia.
One hundred twenty-two eligible women of reproductive age, with no history of confirmed endometriosis, and planning diagnostic laparoscopy for symptoms of dysmenorrhoea, dyspareunia, dyschezia, cyclical or worsening pelvic pain, or infertility underwent TVUS after consent was obtained. Those with evidence of DIE in the Pouch of Douglas (POD) on TVUS (including USL nodules of ≥5 mm, bowel endometriosis and obliterated POD 21 ) were excluded from the study.
TVUS technique
Each pre-operative TVUS was performed in two parts. First A.J.R. assessed those eligible for inclusion by screening the pelvis for DIE and subsequently S.P. assessed the area of the USLs including the 'white line sign'. S.P. had 4 years experience with ultrasound diagnosis of DIE at the onset of the study. The ultrasounds were performed with a C8-4v MHz vaginal transducer (Philips iU22, Koninklijke Philips Electronics NV, Eindhoven, The Netherlands) and interpreted in real time. Bowel preparation was not given and TVUS was performed at any time of the menstrual cycle. The operators were aware of the patient's symptoms, but blinded to the results of physical examination and previous imaging.
The TVUS included routine analysis of the uterus and ovaries, visualization of the peritoneal surface covering the anterior and posterior compartments (including the vesicouterine pouch, POD and retrocervical area) and examination of the layers of the bowel wall for DIE as described originally by Gonçalves et al. 22 and recently summarized by Guerriero et al. 23 An ultrasound report containing these findings was provided to the surgeon, as per routine practice.
In addition, the area of each USL was assessed by moving the transvaginal transducer into the posterior vaginal fornix in the midline longitudinal plane. Keeping the transducer in the longitudinal plane, the vaginal probe was swept to each side, at approximately 45° from the midline. The maximum thickness of the hyperechoic band (white line) covering the vaginal wall was measured in the centre of the field of view after image optimization.
When there is a small amount of fluid in the POD, a normal USL can be seen as a thin hyperechoic band that moves separately to the vaginal wall (Supplementary Figure 1) . When there is no free fluid, the USL may not be clearly visualized, but the hyperechoic layer in the region of the USL (the 'white line') still slides freely over the vaginal wall when transducer pressure is applied and released (Figure 1 (a) and (b) and Supplementary Video 1). We propose that when superficial endometriosis is present in the region of the USL, the white line thickens due to associated mesothelial proliferation, inflammation and granuloma formation 24 with or without adhesion of the USL to the vaginal wall. A thicker white line is then seen adjacent to the vaginal wall in the region of the USL, which may include the ligament itself and adhesions (Figure 1(c) ). The white line is no longer seen separately from the vaginal wall when transducer pressure is applied and released. In addition, a small hypoechoic nodule may be seen within the white line (<5 mm in maximal diameter, therefore insufficient to diagnose DIE), which we propose could represent an area of superficial endometriosis (Supplementary Figure 2 and Supplementary Video 2).
The white line was identified bilaterally in all patients (n = 122) and assessed as 'normal' if the white line was uniformly the same or thinner than the vaginal wall or 'thickened' if the white line was thicker than the vaginal wall. Point tenderness over the white line (on direct questioning) and the presence of a hypoechoic nodule (<5 mm) on each white line was also assessed as present or absent. In order to assess the secondary aim, the last 100 consecutive women who underwent TVUS also had bilateral USL measurements taken ( Figure 1 ). The appearance of the USLs was not described in the report to the surgeon, who was therefore blinded to the TVUS appearance of each USL.
Surgical diagnosis
Eighty-seven women underwent laparoscopy to identify endometriotic lesions. A diagnosis of endometriosis of the USL area was made if there was:
1. Histological confirmation of superficial endometriosis in the resected lesion from the ipsilateral USL; 2. An endometriotic lesion visualized by the surgeon in the area of the ipsilateral USL (but not resected) and documented on an image which was independently reviewed by one of the authors (A.J.R.).
The laparoscopy was performed as per usual clinical care, with biopsy samples of possible endometriotic lesions taken at the surgeon's discretion.
Statistical analysis
Continuous variables were summarized using means and standard deviations (SD) whereas categorical variables were expressed as counts and proportions. Comparisons between groups (endometriosis vs non-endometriosis) were made using Student's t-test for continuous variables and chi-square or Fisher's exact test as appropriate for categorical variables. The sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of a thickened white line in predicting superficial endometriosis in the ipsilateral USL area were determined and reported with 95% CIs. Receiver operating characteristic (ROC) curve analysis was performed to assess the overall accuracy of thickness of the white line in predicting superficial endometriosis in the USL area. Sensitivity and specificity were calculated for various cut-offs to identify the optimum cut-off value. All calculated P values were twotailed. P < 0.05 indicated statistical significance. Analyses were performed with Stata software version 11 (StataCorp, College Station, TX, USA).
Results
Of the 122 women who underwent pre-operative TVUS, 4 were excluded due to suspected DIE on TVUS, 35 did not have surgery performed and 2 did not have surgical results available. The remaining 81 patients formed the study population and had a mean age of 30 years. The model of care, presenting symptoms and use of hormonal treatments in those with and without endometriosis are presented in Table 1 . There were no statistically significant differences in the use of hormonal treatments, or presenting symptoms between those with endometriosis at laparoscopy and those without, except for chronic pelvic pain which was more common in those without endometriosis.
None of the 81 patients required complex advanced laparoscopic surgery as DIE was successfully excluded in all cases. At laparoscopy, one patient was found to have evidence of endometriosis of the bowel affecting the serosa only and unilateral adhesions in the POD (with no endometriotic nodule identified), which was not detected by TVUS. One patient had a small endometrioma (seen at TVUS and removed surgically) which was not adherent to the USL. There was no associated DIE and therefore, these cases were not excluded. Neither case required advanced laparoscopic skills and both were treated adequately at the first laparoscopy. Overall, 44 (54%) of the 81 symptomatic women enrolled had peritoneal endometriosis in the USL area on one or both sides, of which 31 lesions were confirmed histologically and the remaining 13 were visualized at the time of surgery and documented on an image. Seventeen of the 81 women had endometriosis confirmed near the left USL, 10 near the right USL and 17 had endometriosis bilaterally.
A positive white line sign on either side was found by TVUS in 39 (48%) of the 81 women. Twenty-one of the 39 women had a positive test on the left side, 11 had a positive test on the right and 7 had a bilateral positive white line sign. There were 22 true positive and 21 true negative ultrasounds. There were 17 women with a false positive white line sign and 21 with a false negative white line sign.
Site-specific tenderness of either USL area at TVUS was elicited in 49 (60%) of the 81 women. Nineteen had tenderness of the left USL, 6 had tenderness of the right USL and 24 had tenderness on both sides. There were 26 true positive results and 17 true negative results. Twentythree of the 49 women with unilateral or bilateral tenderness at TVUS did not have surgically confirmed endometriosis of the ipsilateral USL. Fifteen of the women with no tenderness were found to have endometriosis of one or both USL areas at laparoscopy.
A small hypoechoic nodule was identified on either white line at TVUS in 19 (23%) of the 81 women. There were seven nodules identified on the left, eight on the right and four women had a small nodule on both sides. There were 12 true positive tests and 31 true negative tests. There were seven women with a nodule on one or both sides who did not have endometriosis near the ipsilateral USL. There were 31 women with a negative test on both sides who did have endometriosis near one or both USLs at laparoscopy. The sensitivity, specificity, PPV, NPV and accuracy (with 95% CIs) of TVUS for the diagnosis of superficial endometriosis near the ipsilateral USL using the white line sign, site-specific tenderness and small nodules on the white line are given in Table 2 .
Of the 81 study patients with surgical results available, 63 had a quantitative measurement taken of the white line bilaterally. On the left side, the mean diameter was 3.5 mm (±1.92) for those found to have endometriosis near the left USL (n = 27) and 2.7 mm (±1.60) for those without endometriosis in the area (n = 36). On the right side, the mean diameter of the white line was 3.0 mm (±2.96) for those with endometriosis near the right USL (n = 18) and 2.7 mm (±1.34) for those without endometriosis (n = 45). If measurements from both sides are combined, the mean diameter of the white line was 3.3 mm (±2.37) in those with endometriosis of the ipsilateral USL area (n = 45) and 2.7 mm (±1.46) in those without (n = 81). The frequency distribution of measurements from both sides is displayed (Figure 2 ). There was no significant difference between the measurements in patients with and without endometriosis of the USL area.
A ROC curve was constructed to compare the overall accuracy of different measurements of the white line in detecting endometriosis of the USL area. The optimal test characteristics were seen using a cut-off of 3.1 mm on the left side and 5 mm on the right side (Tables 3 and 4) . However, the area under the curve was 0.65 (95% CI: 0.50-0.79) and 0.46 (95% CI: 0.27-0.64) using measurements on the left and right sides, respectively, indicating that there is no cut-off value at which the test characteristics are sufficient for a diagnostic or screening test. A high specificity of ≥96% was found on the left and right sides at a white line thickness of 5.8 and 6.1 mm, respectively (Tables 3 and 4) .
Discussion and conclusion
Examining the appearance and tenderness of the USL area at TVUS is a logical method to look for superficial endometriosis, given the USL is one of the most common early locations of endometriosis, and it is amenable to high-resolution ultrasound imaging due to its close proximity to the transducer. This study has shown some TVUS findings have a high specificity, assisting in the decision to proceed to laparoscopy in a small group of women with no evidence of DIE. TVUS is accessible and well tolerated 17 and is considered a first-line investigation in patients with symptoms of endometriosis. 13, 25, 26 The interobserver agreement of TVUS in detecting DIE of the USLs has been found to be high. 27 Identification of a grossly thickened white line and visualization of small nodules of the USL area are simple adaptations of the TVUS technique for detecting DIE in the POD and easily learned for those experienced in ultrasound assessment of endometriosis.
Previous studies have not evaluated the TVUS appearance of the USL area in the presence of superficial endometriosis. We demonstrated that a small nodule within the white line had a high specificity of 82% in predicting superficial endometriosis of the ipsilateral USL area. A grossly thickened white line (≥5.8 mm) also had a high specificity of 96%; however, both these findings are only present in a small proportion of women with endometriosis of the USL area; 23% of women have small nodules of the white line and 10% have a white line thickness of ≥5.8 mm on one or both sides.
A thickened white line and tenderness of the USL area have similar sensitivity (51% and 63%, respectively) and PPV (56% and 53%, respectively) in the diagnosis of ipsilateral USL endometriosis. These test characteristics are insufficient for a clinically useful screening test. Subanalysis in those without current use of hormonal treatments (who may have larger lesions of untreated endometriosis) did not show a significant improvement in test characteristics. Interestingly, if both site-specific tenderness and a thickened white line are present, the specificity improves to 82%; however, a minority of women with endometriosis have both signs present (15% on the right USL and 35% on the left USL).
The only previous study to report on the assessment of superficial endometriosis of the USLs used TRUS. Ohba et al. 18 found a non-significant increase in the thickness of the USL in women with superficial endometriosis and a significant further increase in the USL measurement in women with DIE. Although a different technique was used, the study supports our findings that USL changes in patients with superficial endometriosis are more subtle than those with DIE, and hence, diagnosis is more difficult.
Our study also confirms the ability of TVUS to predict the level of complexity of laparoscopic surgery for endometriosis. All cases of DIE were successfully excluded, and in the remaining cases of endometriosis, TVUS findings correctly anticipated the level of surgical expertise required, as found by Menakaya et al. 28 The gold standard surgical diagnosis of endometriosis is problematic for a number of reasons and is a limitation of all studies of diagnostic accuracy for endometriosis, including the current study. It is known that a visual diagnosis is associated with an error rate; 29, 30 however, histological confirmation also depends on the experience of the pathologist, the extent of tissue sectioning and the degree of fibrosis and diathermy artefacts within the specimen. 30 In particular, it is difficult to accurately determine the false positive rate. Surgeons with variable levels of experience were involved and all surgeons were blinded to the results of the TVUS findings regarding the USLs, so it is possible that small lesions identified on TVUS may have been missed during laparoscopy. However, every attempt was made to ensure the accuracy of diagnosis by combining the surgeons report, photographs and biopsy results. Furthermore, surgeons in the private sector were highly experienced, and the majority of our cases of superficial endometriosis were confirmed histologically, with a depth of invasion of <5 mm. All patients with DIE in the POD on TVUS or previous surgery for endometriosis were excluded from this study, ensuring the appearance of the USL area was not affected by adhesions or scarring. All TVUS were performed by an experienced sonologist, well past the known learning curve for diagnosis of DIE. 31 Nevertheless, this may have introduced a degree of selection bias.
Finally, the small sample size (particularly for quantitative measurements of the white line) limits the conclusions that can be drawn regarding the accuracy of TVUS detection of these subtle lesions. Clearly, further studies are warranted. Our study is the first to report on the TVUS appearance of superficial lesions near the USLs and our initial findings can thus be used to design adequately powered follow-up studies. Inter-and intraobserver variability of these markers would also be interesting to examine further.
Overall, this study confirms the difficulty of noninvasive diagnosis of superficial endometriosis, as the ultrasound findings are subtle. Subjective thickening and site-specific tenderness of the USL area do not have appropriate test characteristics to be useful diagnostic or screening tools for superficial endometriosis near the USLs. Thickening of the white line >3 mm is the cut-off measurement with the best test characteristics, however is still insufficient as a clinically useful screening test. A grossly thickened hyperechoic layer (≥5.8 mm) and small hypoechoic nodules in the area may be of most clinical value given their high specificity, and these findings warrant further research. These latter findings may assist patients with significant symptoms in making the decision to undergo laparoscopy, while patients without these findings may choose first-line medical management. 
